It is shown that the C. elegans Pax-6 locus encodes two protein isoforms. One contains a Paired DNA binding domain as well as a homeodomain; the other consists only of the carboxy-terminal portion of the locus encoding the homeodomain. These two isoforms are expressed in a variety of postembryonic cell lineages. In one set of lineages, nuclear localization of a homeodomain-only form (MAB-18 isoform) appears to be under temporal and spatial control. Nuclear localization of MAB-18 is correlated with the genetic requirement for mab-18 and with activation of a reporter gene driven by a mab-18 promoter. Reporter gene expression is dependent on mab-18 gene activity. It is hypothesized that a positive feedback loop is activated by regulated nuclear entry.
Introduction
During metazoan development, changes in cell transcriptional state are often triggered or directed by cell signals. Signals or signal transduction pathways initiate new patterns of gene expression by altering the activity of one or more transcription factors existing in the cell at the time of signal reception. Therefore, the various ways in which transcription factor function may be regulated by posttranscriptional mechanisms are of interest.
A variety of such posttranscriptional regulatory mechanisms have been described. For example, steroid hormones regulate nuclear hormone receptor transcription factors by direct binding of ligand (Tsai and O'Malley, 1994) . Signals that elevate intracellular cyclic AMP or any of several different protein kinase cascades result in phosphorylation of nuclear transcription factors (Marais et al., 1993; Karin and Hunter, 1995; Su and Karin, 1996; Montminy, 1997) . Many ubiquitous cellular signals, including TGFb/BMP and Wnt signals, regulate activity of a transcription factor by triggering its entry into the nucleus (Baeuerle and Baltimore, 1988; Karin and Hunter, 1995; Miller and Moon, 1996; Heldin et al., 1997; DiDonato et al., 1997) .
Here we describe the regulated nuclear entry of the Caenorhabditis elegans ortholog of the Pax-6 transcription factor. Pax-6 is a member of the Pax class of transcription factors defined by the presence of two types of DNA-binding domains: the Paired domain and the Paired-type homeodomain (Mansouri et al., 1996) . Previously, regulated nuclear entry of a homeodomain transcription factor has been demonstrated in the cases of two Drosophila proteins: Prospero and Extradenticle. Prospero is asymmetrically segregated into the ganglion mother cell during asymmetric division of neuroblasts, and moves from the cytoplasm into the nucleus of the ganglion mother cell after cell division (Ikeshima-Kataoka et al., 1997) . Nuclear localization of Extradenticle is controlled indirectly by extracellular signals through interaction with another homeodomain transcription factor, Homothorax (Mann and Abu-Shaar, 1996; Rieckhof et al., 1997; Kurant et al., 1998) . Mechanisms of Development 78 (1998) [179] [180] [181] [182] [183] [184] [185] [186] [187] 0925-4773/98/$ -see front matter © 1998 Elsevier Science Ireland Ltd. All rights reserved PII S0925-4773(98)00171-3
Pax-6 is a conserved transcription factor that plays a variety of roles during metazoan development, primarily in patterning elements of the nervous system, including the eye (Callaerts et al., 1997) . In C. elegans, genetic and molecular evidence suggests that the Pax-6 locus is a complex gene encoding two types of gene products. One type is a predicted protein with a structure typical of most Pax-6 proteins in other organisms, having a Paired domain and a Paired-type homeodomain. Such a protein is affected by vab-3 mutations, which fall within the Paired domain (Chisholm and Horvitz, 1995) . The other type is a predicted protein containing only the carboxy-terminal portion of the gene including the homeodomain. An isoform of this type is affected by the mab-18 mutation, which deletes an alternatively-spliced exon (Zhang and Emmons, 1995) (Fig. 1A) . Although they share 3′ homeodomain-containing and carboxy-terminal exons, transcripts with and without the Paired domain initiate at different promoters, and vab-3 and mab-18 mutations complement one another, indicating the two isoforms have separate functions.
We have analyzed the expression of the C. elegans Pax-6 locus during postembryonic development with antibodies directed, respectively, against the Paired-domain-containing amino-terminal portion of the gene and the homeodomaincontaining carboxy-terminal portion of the gene. We confirm that the locus encodes two types of protein products, with and without the Paired domain. We term the two types of gene products PD isoforms and non-PD isoforms respectively. We show that these different isoforms are expressed in diverse and sometimes overlapping tissues. Most staining by both types of antibodies is nuclear. However, in several neuronal sublineages in the male tail, we find that the non-PD isoform that is affected by mab-18 mutations, which we term MAB-18, is cytoplasmic. We suggest that gene activity is regulated by nuclear import, which appears to be controlled by lineagespecific or spatial cues.
Results

C. elegans Pax-6 encodes at least two protein isoforms
We used two antibodies, one raised against the Paireddomain-containing amino-terminal portion of the C. elegans , and the other raised against a non-overlapping homeodomain-containing carboxy-terminal portion (anti-C-terminal antibodies), to study the expression of Pax-6 during C. elegans postembryonic development. Anti-N-terminal antibodies bind a protein species of 60 kDa in protein extracts of mixedstage wild-type nematodes (Fig. 1B, lane 1) . The protein of 60 kDa is absent from extracts of nematodes carrying the mutation vab-3(e648), consisting of an opal stop codon within the Paired domain (Chisholm and Horvitz, 1995) (Fig. 1B, lanes 3 and 6) . This protein corresponds to a predicted gene product comprising Paired domain, homeodomain, and transcriptional activation domain (PD isoform) (Fig. 1A) .
C-Terminal antibodies bind, in addition to the 60 kDa protein, a second species of 34 kDa corresponding in size to the predicted products of several non-PD cDNAs (Fig.  1B, lane 4) . The 34 kDa band is reduced but not eliminated by the mab-18(bx23) mutation, a deficiency deleting alternatively-spliced exon 8 ( Fig. 1A; Fig. 1B, lane 5) . We infer that, in addition to the non-PD isoform affected by the mab-18(bx23) mutation (MAB-18 isoform), there are additional non-PD isoforms, as predicted from the structures of several cDNA species (e.g. cDNA #2, Fig. 1A ) (Zhang and Emmons, 1995) .
The anti-N-terminal antibody gave in addition two strong bands corresponding respectively to proteins of 100 kDa and 45 kDa. Neither of these proteins is predicted by the structure of known cDNAs, and neither is eliminated by vab-3 or mab-18 mutations. Furthermore, these species (Chisholm and Horvitz, 1995; Zhang and Emmons, 1995) . (B) Western blot analysis of whole nematode proteins stained with anti-N-terminal and anti-C-terminal antibodies. The species of 60 kDa is detected by both antibodies and is eliminated by the vab-3(e648) mutation but not the mab-18(bx23) mutation. This species corresponds to the predicted Paired domain-containing isoform (PD isoform). The species of 34 kDa is detected only by the anti-C-terminal antibody and is nearly eliminated by mab-18(bx23) but is not affected by the vab-3(e648) mutation. This species corresponds in size to predicted non-PD isoforms. The bands at 100 kDa and 45 kDa detected by anti-N-terminal antibodies are not detected by the anti-C-terminal antibodies and are not eliminated by either mutation. They are due to unknown cross-reacting proteins.
apparently do not stain in whole mount preparations, since virtually all staining with the anti-N-terminal antibodies was eliminated in vab-3(e648) nematodes. The identities of these proteins are unknown.
Nuclear localization of the MAB-18 isoform is temporally and spatially regulated in two sets of neuronal sublineages
We used the anti-N-terminal and anti-C-terminal antibodies in whole-mount staining experiments to define the postembryonic expression patterns of the PD and non-PD isoforms during postembryonic development. We found that the MAB-18 isoform is expressed in developing sensory ray cells of the male tail and in neurons in the preanal ganglion (Fig. 2) . The expression in ray cells is consistent with the known effect of the mab-18(bx23) mutation on the morphology of one of the rays (Zhang and Emmons, 1995) . The function of MAB-18 in preanal ganglion neurons is unknown. Both ray cells and neurons in the preanal ganglion stain with anti-C-terminal antibodies but not with anti-Nterminal antibodies. Staining is eliminated by mab-18(bx23) but not by vab-3(e648) . Therefore these cells express the MAB-18 non-PD isoform but not the PD isoform.
MAB-18 is first detected three cell generations before the birth of ray cells in cells known as ray precursor cells, or Rn cells. Nine bilateral pairs of Rn cells are present in the lateral epidermis of the late L3 larval male (Emmons and Sternberg, 1997; Sulston and Horvitz, 1977) . Each Rn cell executes the ray sublineage, giving rise to the two sensory neurons and support cell that comprise a ray (Fig. 2G ). MAB-18 is detected in the ray precursor cells of ray 6, ray 7 and ray 8 ( Fig. 2A) . When staining first appears, it is predominantly cytoplasmic, with little or no staining above background in the nucleus. Cytoplasmic staining persists in the progeny of these three cells through three cell divisions until the sublineages are completed and the cells begin to differentiate (Fig. 2B, C) . At this time, in ray 6 cells cytoplasmic staining disappears and nuclear staining appears (Fig. 2D ). Nuclear staining persists in ray 6 cells through adulthood. In ray 7 and ray 8 cells, on the other hand, staining disappears at the time of cell differentiation and no nuclear staining is observed (Fig. 2D ). Therefore, it seems that at first after translation MAB-18 is localized to and remains in the cytoplasm. Nuclear entry is delayed for approximately 7 h while the ray sublineage is in progress. When the ray cells begin to differentiate, lineage-specific or spatial cues presumably trigger nuclear entry and continued MAB-18 expression in ray 6, but gene expression ceases and the protein is degraded in rays 7 and 8. A similar transition from cytoplasmic staining to nuclear staining was also observed in preanal ganglion neurons derived from P11.a (Fig. 2E,F ). An alternative explanation of these observations is that there are two forms of the protein, one cytoplasmic and the other nuclear, with expression shifting from one form to the other.
The mab-18(bx23) mutation results in a transformation of the morphological identity of ray 6 to that of ray 4 (Baird et al., 1991; Zhang and Emmons, 1995; Emmons and Sternberg, 1997) . As a result of this identity transformation, ray 6 usually fuses with ray 4. Ray 4 itself does not appear to be affected by mab-18(bx23). The genetic requirement for gene function in differentiation of ray 6 is consistent with the observed continued expression of MAB-18 in this ray. Rays 7 and 8 are not known to be affected in mab-18(bx23), consistent with the disappearance of MAB-18 staining without nuclear entry in these lineages.
Evidence for autoactivation of mab-18
We wondered whether selective nuclear entry of MAB-18 in cells of ray 6 but not in cells of ray 7 and ray 8 could be related to continued expression of the gene only in ray 6. This could come about if the promoter responsible for expression of MAB-18 was itself activated by MAB-18. We previously studied the activity of this promoter by means of a GFP reporter gene (Zhang and Emmons, 1995) , and have obtained similar results with a second reporter containing additional 5′ genomic sequence (Fig.  1A) . In wild-type, the reporters are expressed in a subset of the ray cells where MAB-18 protein is also found by antibody staining. Expression of the reporters in cells of ray 6 begins with completion of the ray sublineage and continues throughout subsequent development and adulthood. Expression in cells of ray 8 begins earlier than in cells of ray 6, at the ray precursor cell stage, continues throughout the ray sublineage, and ceases after the final cell division at the time when expression in ray 6 cells begins. Expression was never observed in the ray 7 sublineage or cells. Evidently both reporters lack some of the regulatory sequences that govern expression of the endogenous gene.
In order to determine whether expression of the promoter driving MAB-18 expression depends on the presence of active MAB-18, we examined reporter gene expression in mab-18(bx23), in which MAB-18 staining of ray cells is not observed (neither reporter supplies wild-type gene function). We observed no expression of either reporter in ray 6 cells of mab-18(bx23) mutant males. Therefore, the reporters contain sequences that make their expression in ray 6 MAB-18-dependent. Reporter gene expression in the ray 8 sublineage, on the other hand, was unaffected by the mab-18(bx23) mutation.
Since MAB-18-dependent reporter gene expression begins in ray 6 cells after the sublineage is completed, at the same time that presumed nuclear entry of MAB-18 is observed by antibody staining, it appears that in ray 6 MAB-18 becomes active with respect to reporter gene expression at this time. If the reporters accurately reflect this aspect of endogenous gene regulation, then the endogenous gene is activated by MAB-18 at the end of the ray 6 sublineage because MAB-18 enters the nucleus at this time. A positive feedback loop might be established directly by interaction of MAB-18 at its own promoter, or indirectly through additional intermediate steps. Lack of continued gene expression in ray 7 and ray 8 cells after the ray sublineage is over may be because absence of nuclear entry prevents establishment of this MAB-18-dependent mode of expression. By this means, signals that regulate nuclear entry could contribute to the spatial restriction of late L4 and adult MAB-18 expression to only one of the 9 ray pairs.
Expression of the mab-18 reporter genes in progeny of Pll.a was also dependent on the presence of a wild-type copy of the mab-18 gene. However, in this instance, activation of the reporter was not coincident with apparent nuclear translocation. Expression of the reporter was observed during early larval development, but change from predominantly cytoplasmic staining to predominantly nuclear staining occurred during L4. Evidently some active nuclear protein must be present in this lineage at earlier times.
Absence of delayed or selective nuclear entry in other cell lineages
In order to determine whether delayed or selective nuclear entry was a common feature of Pax-6 regulation in C. elegans, we examined expression of both PD and non-PD isoforms in other tissues. We observed expression of both isoforms in several tissues during postembryonic development and found that staining was nuclear in every instance. Therefore, regulation of gene activity by delayed and selective nuclear entry seen in the rays and P lineages is not a common mode of Pax-6 regulation in C. elegans.
We identified cells expressing PD isoforms as cells stained by the anti-N-terminal antibody. All such staining was eliminated by vab-3(e648). Cells staining with the anti-N-terminal antibody also stained with the anti-C-terminalantibody as expected. We identified cells expressing non-PD isoforms but not the PD isoform as cells stained by the anti-C-terminal antibodies but not the anti-N-terminal antibodies. Staining in such cells with one exception was eliminated by mab-18(bx23) but was unaffected by vab-3(e648). The exception was cells of the seminal vesicle, in which anti-C-terminal antibody staining was not eliminated by either mutation. Thus the seminal vesicle could express a non-PD isoform different from MAB-18. We attempted to gain evidence whether cells positive for both antibodies contained the non-PD isoform as well as the PD isoform by examining staining with the anti-C-terminal antibody in vab-3(e648), in which expression of PD isoforms is not expected. vab-3(e648) eliminated staining by the anti-Cterminal antibody from all cells positive for both antibodies except the head hypodermal cells. This suggests that in wild-type the head hypodermis contains both PD and non-PD isoforms. The remaining tissues appear to contain only the PD isoform. This conclusion will be valid provided the vab-3(e648) mutation does not affect expression of non-PD isoforms because of a cross-regulatory interaction between a PD isoform and promoter sequences expressing non-PD isoforms.
The postembryonic expression pattern is summarized in Fig. 3A . Many of the cells or tissues where expression is observed have a mutant phenotype in vab-3 or mab-18 backgrounds, consistent with a cell-autonomous function of the gene product in these cells (head hypodermis, head neurons, distal tip cell, B.a lineage, ray 6) (Lewis and Hodgkin, 1977; Chamberlin and Sternberg, 1995; Chisholm and Horvitz, 1995; Zhang and Emmons, 1995) . Others are not known to be abnormal (Y.p lineage, P11.a progeny, seminal vesicle, ray 7 and ray 8 sublineages). For progeny of P11.a there could be changes in neuronal connections or neuronal phenotypes that were not observed. Two examples of possible non-autonomous function were found. In vab-3 mutants there are morphological and functional defects in hermaphrodite gonadal sheath cells and an endomytotic oocyte defect, but no antibody staining was observed in these tissues. Also in vab-3, the asymmetric division of the male B blast cell sometimes fails and the cell divides symmetrically (Chamberlin and Sternberg, 1995 ), yet we observed staining only after asymmetric cell division was complete, in B.a and its progeny. Thus the more common B lineage phenotype, transformation of the fate of B.a to that of B.p, could result from cell-autonomous gene function, but the earlier, less common affect on asymmetric division of B itself might be a non-autonomous effect. Alternatively, for all these cells gene function could be cell-autonomous, but with expression below the level of detection with our antibody.
Discussion
We show that the C. elegans Pax-6 locus encodes two types of protein isoforms, one containing Paired DNA-binding and homeodomains, the other containing only the homeodomain. Both protein isoforms are expressed in several tissues and cell lineages. In most instances, antibody staining is nuclear, as expected for a transcription factor. However, we have found that one isoform consisting only of the homeodomain-containing portion of the gene is cytoplasmic in both sets of lineages where it is expressed.
In two sets of neuronal cell lineages, the MAB-18 isoform is initially cytoplasmic, and appears to be relatively excluded from the nucleus. After remaining cytoplasmic for an extended period, the protein presumably enters the nucleus, although it is possible that expression of a cytoplasmic form ceases and expression of a different, nuclear form commences. Although MAB-18 is present in three ray sublineages, nuclear entry occurs only in the ray 6 sublineage, where this isoform is known to have a genetic function; in ray 7 and ray 8 sublineages, where there is no known function, staining disappears without nuclear entry. Reporter genes are turned on in ray 6 cells in a MAB-18-dependent manner at the time when nuclear entry occurs. Thus we suggest that regulated nuclear entry is one step in a pathway that directs gene activity to a particular ray sublineage.
Previously, a Pax-6 isoform lacking the Paired domain has been observed in quail neuroretina (Carriere et al., 1993) . Interestingly, this isoform too was shown to be cytoplasmic in transiently-infected COS cells, whereas isoforms including the Paired domain were nuclear (Carriere et al., 1993) . Thus there may be a conserved family of Pax-6 isoforms that include only the homeodomain-containing portion of the gene and that are regulated by nuclear entry. The ray sublineage. Each of nine bilateral ray precursor cells (Rn, n = 1-9) executes the ray sublineage shown, generating the three cells of one sensory ray and a hypodermal cell (hyp) during the L3 and L4 larval stages (hours of postembryonic development shown at left). RnA, A-type sensory neuron; RnB, B-type sensory neuron; Rnst, ray structural cell; × , programmed cell death (Sulston et al., 1980) . Our data suggest that both short and long isoforms of Pax-6 have similar functions in C. elegans. Both isoforms are required for the proper assembly of sensory neurons and support cells into sensory structures. MAB-18 is required for assembly of ray 6 (Zhang and Emmons, 1995) , whereas a PD isoform is required for assembly of head sensory structures (Lewis and Hodgkin, 1977) . In both mab-18 and vab-3 mutants, sensory neurons are differentiated in spite of being unassembled or misassembled. Thus one function of Pax-6 appears to be to specify cell recognition or adhesion molecules required by differentiated neurons and support cells to make appropriate heterotypic cell contacts. This function in C. elegans is consistent with the conserved function of Pax-6 in organizing neural tissues in other organisms (Callaerts et al., 1997; Mastick et al., 1997) . The PD isoform in C. elegans has in addition functions in cell fate specification in cell lineages well before overt cell differentiation occurs (Chamberlin and Sternberg, 1995; Chisholm and Horvitz, 1995) .
A variety of mechanisms are known to regulate nuclear localization of proteins, including transcription factors (Jans and Hübner, 1996) . Regulation of MAB-18 nuclear localization might be through interaction with another transcription factor, as for extradenticle of Drosophila (Rieckhof et al., 1997; Kurant et al., 1998) , through interaction with a protein that retains MAB-18 in the cytoplasm, as for mouse NFkB (Ghosh and Baltimore, 1990) and Drosophila dorsal (Whalen and Steward, 1993) , or by direct modification of the MAB-18 protein itself, as for yeast SWI5 (Moll et al., 1991) or SMAD proteins of the TGFb pathway (Heldin et al., 1997) .
Interestingly, the fusion proteins generated by both of the reporter genes used in this study are nuclear in all cells including ray and P-cell lineages. The positively-charged amino acid sequence RMRLKRK, which occurs immediately before the homeodomain, resembles the SV40 nuclear localization signal and could be responsible for this nuclear localization activity (Dingwall and Laskey, 1991) . Possibly a carboxy-terminal sequence that functions in cytoplasmic retention of MAB-18 and blocks this nuclear localizing activity was removed in construction of the fusion proteins, which lack the PST-rich carboxy-terminal portion of the protein following the homeodomain, as shown in Fig. 1A . This region of the protein has many potential phosphorylation sites. Nuclear localization is known to be regulated by phosphorylation in a number of examples (Jans and Hübner, 1996) . The C. elegans Pax-6 gene should provide an opportunity for dissecting this regulated nuclear localization pathway.
One attractive possibility is that nuclear entry of MAB-18 is triggered by an extracellular signal. Spatially-restricted expression of such a signal might instructively induce ray 6 to express mab-18, whereas rays 7 and 8 fail to receive the signal and hence fail to establish continued expression. Two extracellular signals known to influence the nuclear localization of the homeodomain protein extradenticle in Drosophila, wingless/Wnt and TGFb, are present in the C. elegans male tail and are known to influence ray development (Herman et al., 1995; Savage et al., 1996) . Expression of Pax-6 in vertebrate neural plate and spinal cord is affected by activin A and Sonic hedgehog signaling, but effects of these signals on nuclear localization of Pax-6 have not been reported (Pituello et al., 1995; Ericson et al., 1997) .
Because expression of a MAB-18-dependent reporter gene begins at the same time that antibody staining becomes nuclear, we suggest that function of MAB-18 is triggered by nuclear entry. However, we cannot exclude the possibility that the reporter gene does not accurately reflect the expression of all endogenous MAB-18 target genes, and that a small amount of MAB-18, not detectable by antibody staining, is nuclear and active from the time of the first appearance of MAB-18 in the Rn cell. Indeed, aspects of the reporter gene expression patterns do not match the expression of MAB-18 protein, and hence inferences made from the reporter gene studies must be made with caution. In order to further clarify the role of regulated nuclear entry in regulation of MAB-18 function, it will be necessary to identify and study the expression of bona fide target genes, and to study the effects of altered nuclear entry on gene function.
Experimental procedures
Nematodes
All nematodes were derivatives of Caenorhabditis elegans Bristol, strain N2. They were reared following standard methods (Brenner, 1974; Wood, 1988) . Males were obtained from strains containing the him-5(e1490) mutation (Hodgkin et al., 1979) . Other mutations are described in the text.
Production of antibodies
For production of antibodies specific for PD isoforms, the amino-terminal portion of the PAX-6 transcription factor, including the Paired-domain but not the homeodomain, was joined to a 6x-His tag and the fusion protein was generated in Escherichia coli strain M15pRep4. A plasmid (DG#1) encoding the fusion protein was constructed by in-frame ligation of the region encoding amino acids 1-206 (exons 1-7) (Chisholm and Horvitz, 1995) into the BamHI site of expression vector pQE-8 (Qiagen, Valencia, CA). The 6x-His-VAB-3(1-206) fusion protein was purified from an insoluble E. coli fraction by chromatography on Ni-NTA agarose, and further purified by preparative polyacrylamide gel electrophoresis. Rabbit antiserum raised against the purified 6x-His-VAB-3(1-206) fusion protein was affinity-purified on Sepharose 4B coupled to 6x-His-VAB-3(1-206).
For production of antibody to the carboxy-terminal portion of the C. elegans PAX-6 protein, including the homeodomain but not the Paired-domain, a fusion protein was generated consisting of glutathione S-transferase joined to the carboxy-terminal portion of the Pax-6 locus. Plasmid EM#275 encoding the fusion protein was constructed by in-frame ligation of the protein-coding region of cDNA#1 (exons 8-10-11-12-13-14; Fig. 1A ; Zhang and Emmons, 1995) to the 3′ end of GST in expression vector pGEX-KG (Guan and Dixon, 1991) . Fusion protein was isolated from E. coli strain DH5a or BL21. Rabbit antiserum raised against the affinity-purified bacterial fusion protein (HRP, Denver, PA) was affinity purified on Affi-Gel-10 (BioRad) coupled fusion protein.
The protein antigens used to generate these two antibodies are derived from non-overlapping portions of the C. elegans Pax-6 locus. We refer to the two antibodies respectively as anti-N-terminal and anti-C-terminal antibodies.
Western blot analysis
Western blots were performed as described (Ausubel et al., 1987) . Whole worm protein extracts were prepared by sonication of 50 ml mixed-stage worms in 200 ml PBS. Aliquots of 30 ml were analyzed on the gel. Affinity-purified anti-N-terminal and anti-C-terminal antibodies were used at a dilution of 1:1000. Peroxidase-labeled goat anti-rabbit IgG (Amersham, 1:2000) was used as secondary antibody. Staining with anti-histone monoclonal antibody MAB052 (Chemicon, 1:4000), followed by goat anti-mouse IgG secondary antibody (Amersham, 1:2000) , was used to monitor equivalent loading of the gel lanes. Antigen-antibody reactions were detected by means of an ECL immunodetection kit (Amersham). Pre-immune sera gave no staining. Anti-Nterminal antibodies were preadsorbed against protein extracts of vab-3(e648) worms prior to use. Mixed stage worm populations used in different experiments were raised in the same way and monitored to verify that they had similar distribution of larval adult stages, males and hermaphrodites. Identical banding patterns were obtained in replicate experiments.
Whole-mount antibody staining
Permeabilization, fixation, and antibody staining of nematodes followed published procedures (Finney and Ruvkun, 1990 ). Anti-N-terminal antibody was diluted 1:1000; anti-C-terminal antibody was diluted 1:100 to 1:200. The secondary antibody was goat anti-rabbit IgG conjugated with FITC, diluted 1:200 (Jackson ImmunoResearch Laboratories, West Grove, PA). After incubation with secondary antibody, worms were stained briefly with DAPI (0.5 mg/ml) to allow visualization of nuclei, and worms were mounted with an equal volume of SlowFade (Molecular Probe) on slides with agarose pads (Sulston and Horvitz, 1977) . Mounted worms were immediately observed and photographed with a Carl Zeiss Axioplan microscope equipped with epifluorescence. Staining cells were identified by comparing the FITC staining pattern with the DAPI nuclear staining pattern.
The number of animals observed with the staining patterns illustrated in Figs 2 and 3 were as follows: Rn stage, 2 (cytoplasmic); Rn.a stage, 10 (cytoplasmic); Rn.aa stage, 10 (cytoplasmic); Rn.aaa stage, 16 (cytoplasmic), 5 (nuclear); late L4/adult ray cells, 1 (cytoplasmic), 17 (nuclear); P11.a progeny, 15 (cytoplasmic), 4 (nuclear); head hypodermis, more than 15; B.a/p, 5; later stage B lineage, 5; seminal vesicle, 3; distal tip cell, 3.
Reporter genes
The GFP reporter used was described previously (plasmid EM#240 Zhang and Emmons, 1995) . The lacZ reporter (EM#242) was constructed by insertion of lacZ at the same BamHI site but including a greater amount of 5′ geno-mic sequence as shown (Fig. 1A) . Both reporters were integrated (Mello and Fire, 1995) , generating respectively bxIs3 (GFP) and bxIs2 (lacZ), before crossing into the mab-18(bx23) mutant background. The fusion proteins generated by the reporter genes lack the last 102 carboxy-terminal amino acids of the Pax-6 protein, and neither supplies wild-type gene function as demonstrated by their inability to rescue a mab-18(bx23) mutant.
